Introduction
Advanced gas turbine requirements have necessitated the development of a new manufacturing process, namely directional solidification. The hottest and most highly stressed components in the gas turbine perform better when cast as air cooled airfoils without grain boundaries perpendicular to the principal stress axis. The advantages of columnar grain structure in N&base superalloys under unisxial load at high temperature were pointed out by VerSnyder in 1959 (1).
The further advantages of superalloy sin le f crystals were discussed in 1967 (2) and the fabrication method for both 1001 columnar grained and [OOl.l single crystal turbine blades was summarized by VerSnyder and Shank in 1970 (3) .
This original directional solidification method was known as power-down since the solidification cycle was controlled by gradually reducing the power to the upper portion of a resistance or an induction heater. This process was limited to low and varying thermal gradients due to the variable length of the heat conduction path between the solidus isotherm and the water cooled copper chill plate at the bottom of the castings. Defects such as equisxed grain or "freckles"
were observed (4, 5) and were primarily attributable to low thermal gradients. Thermally, the power-down process is nearly identical with the original exothermic process introduced by Flemings in 1961 (6) .
A significantly higher thermal gradient process, namely HRS or High Rate Solidification was introduced in 1971 (7) . The removal of heat in this process was primarily controlled by radiation from the shell mold to the vacuum chamber walls.
This led to less spatial variation in solidification parameters as well as a process with improved economics.
This process is primarily one in use for the production of cube textured directionally solidified gas turbine airfoils. Freckles, hot-tearing and equiaxed grains occur only rarely in most cored airfoils with proper baffling and process control.
The arrival of eutectics on the scene by 1971 (8) as serious gas turbine airfoil candidates required dramatic improvements in thermal conditions for directional solidification processing.
Bridgman bar growth using a water spray for extremely effective cooling was used with a protective atmosphere (9).
Ccmplex airfoil shapes could be grown under vacuum as well as argon with the IMC (Liquid Metal Cooling) process (10).
These conductive and convective cooling methods led to substantial improvement in thermal gradient as shown in Figure 1 . The high thermal gradient requirement is justified in Figure 2 . Many advanced eutectic alloys have a critical ratio of thermal gradient (G) to growth Rate (R) in excess of 15OO'F hr/in2 t 130°C hr/cm*) requiring a thermal gradient of at least 1500'F/in 328'C/cm)to grow at a rate of 1 in/hr (2.54 cm/hr) with a fully plane front microstructure.
Coupled growth of the matrix and the reinforcing phase leads to microstructures such as-that shown in Figure 3 .
I. Computerized Thermal Analysis
The first step in improving a process is knowing where you are to begin with.
The following method of directional solidification thermal analysis has yielded the fruits of success in documentation of solidification paremeters.
The first step is to obtain cooling curves, temperature (T) vs. time (t).
This can be done by arranging a linear array of thermocouples on the outside of the mold or within the melt along the desired direction of growth, as in Figure 4 . The position of each thermocouple bead relative to a reference position (the chill plate or the bottom of the mold) must be recorded.
We have found the platinum-6% Re vs. platinum-30$ Re to be most satisfactory in high temperature high vacuum work.
The thermocouple EMF may then be recorded on a multi-channel recorder as a function of time after the start of the controlled solidification cyale. Figure 7 of actual Calcomp computer output.
Several structural requirements can immediately be checked from this diagram. For example, our experience indicates that G/R 5 3 OF-hr/in2 (0.26 'C-hr/cm2) always leads to the columnar-equiax transition, and G/R s 5 (0.43"C-hr/cmq rarely has given equiaxed grain in most Ni.-base superalloys.
Furthermore, G 2 80"F/in (17.4"C/cm) will normally guarantee no 'Yfreckles" in alloys such as ME&-M200.
(550"C/hr), A further no-freckling requirement is that 5 = RG 2 lOOO'F/hr in the case of Mar-M200.One can also determine the fineness of the dendritic structure (see Eq. 2 and 3) and the refinement of coupled growth structures (see Figure 3 ). Since the particular analysis utilized was limited to a twodimensional solution,the casting process was evaluated on unidirectionally solidified ingots of Mar-M200, which provided the required axis of symmetry. In the analysis, the temperature profiles on the external mold surface, upper alloy melt surface, and chill plate surfaces were experimentally measured during the entire solidification process and were inputted into the computer progrsm as boundary conditions (13).
The finite element nodal break-up employed is shown in Figure 8 . The break-up problem can be done by a stress deck.
A total of 798 nodal elements were utilized to provide the necessary spatial break-up. A typical finite element run requires l-3 min of IBM-370 time. Figure 9 shows plots of the liquidus and solidus isotherms along the centerline of a three inch (7.62 cm) diameter directionally solidified Mar-M200 ingot made by the power down process.
Superimposed on the ssme graph are the locations of the same isotherms on the outer mold surface. The two major points that can be obtained from this analysis is that the rate of progression of the solidification front is quite rapid adjacent to the chill surface but quickly diminishes as the conductive path becomes larger.
In addition early in the solidification cycle it is obvious that a thermal lag exists between the outer mold surface and the ingot centerline, at least for a 3 inch diameter cylinder.
The finite element heat transfer analysis, being two dimensional, clearly shows how this thermal lag affects solid-liquid interface curvature as shown in Figure 10 . At 15 minutes after pour the solid-liquid interface exhibits a concave downward interface indicating the strong influence that conduction to the chill has on interface curvature.
When the interface has moved further upward the conductive path between the chill and interface increases resulting in a broadening of the mushy zone. Eventually a point is reached (150 minutes) in the process where the ingot surface ~001s rapidly as a result of a reduction in power to the upper coil.
This results in a change in interface curvature from concave to convex downward. This change in curvature corresponds to the cross-over in mold wall and alloy centerline isotherms shown in Figure 9 . If this cooling effect is sufficiently large, sidewall nucleation can occur resulting in the formation of equiaxed grains and the loss in directionality. This points out one of the major deficiencies in the power down process, nnmely, the inability to sustain directional growth over large distances.
The High Rate Solidification process, on the other hand, relies on a mold translation technique to achieve additional radiative cooling.
In this case as the mold exits the hot zone cooling of the solid portion of the casting occurs by conduction to the chill as well as radiation from the mold surface. Figure 11 shows the heat transfer conditions which prevail along the centerline of a 3 inch (7.62 cm) Mar-M200 ingot directionally solidified with the HRS process.
As in the case of the power down casting previously described the boundary conditions were experimentally determined by thermocouples attached to the chill surface, outer mold surface, and upper melt surface and inputted into the two dimensional finite element program. Examination of Figure 11 shows that in the case of the HRS process there exist two predominant heat transfer regimes. Adjacent to the chill surface there is a chill dominant region wherein heat transfer occurs by conduction to the chill.
As the distance between the solidifying front and the chill increases the role that conduction plays in the process is diminished.
Beyond a certain point in the casting cycle,typically Z-3 inches of growth, a withdrawal dominant heat transfer regime exists wherein radiative heat transfer is the predominant heat transfer mechanism.
In this regime a steady state heat transfer situation is approached where the rate of motion of the solidification front approximates the translation rate. This permits directional growth to be sustained over substantial distances, e.g. 16-24 inches.
Higher temperature gradients and smaller mushy zone widths are additional benefits associated with the HRS process.
Another interesting application of finite element heat transfer is the determination of solid-liquid interfacial curvature as it progresses through the cross sectional area changes characteristic of turbine airfoils. Figure 12 illustrates a cross sectional area change representative of the type found in going from the airfoil section of a blade into a larger area such as a blade shroud or root section.
It can be seen that in one instance a convex downward interface exists through the transition region which can cause separate grain nucleation.
The random nucleation of grains is considered undesirable since it can result in grains which do not possess the desired ilOOJ crystallographic orientation(l4 In our work, we used a "TOSS" (T ransient or Steady State) deck which required prior break-up of the body, e.g. as shown in Figure 13 for the case of a rocnd bottom recrystallized alumina mold with a thermocouple protection tube along the centerline. The set-up is for the LMC process.
The material properties can be assigned as a function of temperature, e.g. as in the case of the alloy specific heat in order to take the heat of fusion into account. %'or non-steady shapes, we found the finite difference method to be slow in terms of execution time (15-20 min), but very useful due to the time dependence and multidimensional nature of the output. For example, in Figure 14 the shape of the liquidus and solidus isotherms can be envisaged, as well as the depth of the "mushy" zone (liquid + solid). These steady state shapes were computed at various immersion rates for the mold. The significant findings were that the LMC process had the potential for extremely high thermal gradient and very flat interfaces over a wide range of immersion (growth) rates. ~:,It;ct$2s.
The interfaces
were convex up at O-20 in/hr very flat from 20-40 in/hr and concave up above 40 in/hr cm),
The thermal gradient ranged from 457 -1371"F/in (loo-3OO"C/ depending on assumed conditions. It soon became obvious that the susceptor was not at a uniform temperature, because the measured thermal gradients were lower than calculated using a uniform hot zone. This was later verified experimentally.
Computations for LMC also demonstrated that the lead of the solidus isotherm relative to the coolant level decreased as the immersion rate increased.
Typical lead distances of 0.2-1.0 in (0.5-2.5 cm) were subsequently verified.
Further calculations predicted the low sensitivity of thermal gradient to immersion rate, mold thickness and mold conductivity. Despite the slow rate of convergence of the program, many experiments were done on the computer with a substantial time and cost savings. This was a particularly useful method because of the detailed information which it provided and since so little was known about the characteristics of the IX process at the time the finite difference program was being used. The second application was to the problem of eutectic solidification. Here the name of the game was to achieve high thermal gradient-in order to obtain plane front growth at the highest possible rates. Thousanas of computer experiments could now be done in three or four minutes of execution time and they were! The payoff was almost immediate, By careful examination of the results of single, double and even triple parametric variations, promising combinations were identified and tried. The thermal gradient was soon raised from 585"F/in (130"C/cm) to gOOOF/in (20Q"C/cm).
Consider some of the results'of single parametric variations.
A base case was assumed with a hot zone temperature of 2700-F (1482°C). This is not necessarily the peak temperature, but rather the average temperature just above the baffle region.
(1260°C).
The eutectic temperature was taken as 2300°F The baseline coolant temperature was assumed to be 600'F (315"C), an average just below the baffles.
The baffle height was taken as 0.3 in (0.76 cm) and the rate as 1 in/hr (2.5 cm/hr).
The furface to volume or perimeter to area ratio was taken as 8 in ml. (3.2 cm-), typical of a 0.5 in (1.27 cm) dia. bar or of'many turbine airfoils, end some root sections. The mold was taken as 0.1 in (0.25 cm) of fully dense aluminum oxide and the heat transfer coefficient was chosen to be conservatively low for a slowly circulating tin bath. (The circulation was mainly used to prevent thermal layering by constantly displacing the hottest tin out of the vicinity of the mold).
Consider the result in Figure 15 . The conclusion is that thermal gradient is relatively insensitive to immersion rate over the range of interest:
for eutectics. This was a significant and encouraging result'. (The baseline condition is indicated by an arrow in this and subsequent figures in this section). Note that the calculated thermal gradient of 1040"F/.in (23O"C/cm) is essentially equivalent to measured values of 800-lOOO"F/in (178-222"C/cm). This is arranged by the proper selection of hot zone and coolant temperatures.
However, this is not a totally forced situation.
Namely, if a choice of higher coolant temperatures than experimentally measured is required for agreement, this ma;v mean that poor coolant circulation is occurring in the real system. In this manner we became aware of experimental problems. The slight positive slope in Figure  15 is due to the fact that the interface moves toward the baffles at the higher rates and this is the region where temperature varies most rapidly with dist&nce in the casting, therefore a slight thermal gradient enhancement is noted. Figure 16 shows the computed relationship between the position of the interface (above the tin level) as a function of the height or thickness of the baffle.
The result is a monotonic increase in interface position with increasing baffle height, as one might expect. However, the lead distance from the eutectic interface to the top of the baffle is less for thicker baffles.
Probably the most significant finding is shown in Figure 17, In a multi-section body such as a gas turbine blade, the airfoil should be somewhat easier than the thicker root section to grow with a planar front microstructure.
The position of the eutectic interface is plotted against the heat trsnsfer coefficient in Figure 19 . There are other variables of interest concerning the mold itself, namely the thickness and thermal conductivity. Figure 20 indicates that the thermal gradient in the liquid decreases with increasing mold thickness. A thin mold is helpful in getting the heat into the metal above the baffle and in removing heat in the region below the baffle.
A very similar effect is observed in terms of the thermal conductivity of the mold. The more conductive the mold material, the easier it is to add heat above the baffle and remove it below.
The important quantity to be minimized is the mold thermal resistance in order to achieve high thermal gradient. See also Figure 21 .
III. Experimental vs. Analytical Comparison
In section II-3 a one dimensional dynamic steady state heat transfer model was discussed in detail.
This model has been effectively utilized in the analysis of the liquid metal cooling process as it applies to eutectic turbine blade solidification. Figure 22 is a schematic of the liquid metal cooling furnace utilizing a refractory metal chill plate. This furnace has been employed to cast Y/U' + 6 eutectic turbine blades. The IMC process (18) has been selected for this application because of its ability to produce the high temperature gradients required to sustain plane front growth. Tin is utilized as the quenching media due to its low melting point 450°F (232'C), its vapor pressure characteristics which are compatible with vacuum operation, its good thermal properties, excellent convective characteristics, and reasonable cost.
A more complete processing description of the unidirectional solidification of eutectic turbine blades is beyond the scope of this paper but has been treated in greater detail elsewhere (18).
From a computer modeling standpoint the one dimensional dynamic steady state analysis can be applied to the growth of complex geometries. Therefore it is useful as a predictive tool in understanding the relationship between casting process parameters and heat transfer conditions such as temperature gradient snd solidification rate.
For example, from a heat transfer standpoint the geometry of a particular cross section in a blade casting can be characterized by the ratio of casting perimeter to cross sectional area (P/A ratio). This would be the same as the surface to volume ratio for a constant cross section.
Since the one dimensional model is a steady state analysis, it is limited to consideration of a constant P/A ratio shape.
However and blade root (P/A = 5 in-l) sections. It can be seen that over a large range of furnace hot zone temperatures the steady state location of the solid-liquid interface in the airfoil section is closer to the radiation baffle than that of the root. Therefore, as the solid-liquid interface moves through the root to airfoil transition region a shift in steady state location of the solidifying front is required to compensate for P/A ratio effects as shown in Figure 24 . This analysis predicts that the solidification rate must decrease at the root to airfoil transition. In the case of plane front solidification of eutectics, theory predicts that in a lamellar system such as Y' + 6 (Ni Al -Ni Cb) the solidification rate is related to the interlamellar spacing sb y A2 R3= c where h = interlamellar spacing, R = solidification rate, c = constant. Therefore as the solidification rate decreases the interlsmellar spacing should increase. Spacing measurements at 0.1 inch (.3 cm), 0.3 inch (0.8 cm) and 1.0 inch (2.54 cm) confirmed the fact that the solidification rate decreases from the nominal 1.0 inch/hr (2.54 cm/hr) to .55 in/hr (1.4 cm/hr) and returns to 1.0 inch/hr (2.54 cm/hr) in the middle of the airfoil as predicted by computer modeling.
As discussed in section II, it has been shown analytically that the liquid metal cooling process is basically heat input limited in that further increases in temperature gradient require the process to be operated at higher hot zone temperatures. Figure 26 shows this relationship for several tin bath temperature conditions. This relationship has been experimentally quantified by direct measurement of temperature gradient on 0.5 inch (1.3 cm) diameter bars using the data reduction technique described previously. These results are shown in Figure   27 . Figure 26 also predicts that for a fixed hot zone temperature the temperature gradient of the process should increase as the tin bath temperature decreases.
This correlation has been validated experimentally in that it was found that at a fixed hot zone temperature of 2822'F (1550°C) the temperature gradient was improved 17 percent by decreasing the tin bath temperature from 536°F (280~) to 464'F (240°C) in agreement with the trend predicted by heat transfer analysis.
Another interesting heat transfer result which has been confirmed by experimentation is that the temperature gradient present at the solidfying interface is a direct function of the P/A ratio of the casting being solidified. Figure 28 shows for selected hot zone temperatures how temperature gradient increases as the P/A ratio of the casting increases for fixed solidification rate and tin temperature conditions. This analysis predicts that for a fixed set of processing conditions the highest temperature gradients are present under high P/A conditions. Therefore, it is easier to achieve plane front solidification in an airfoil section of a blade as contrasted to the root. These results have been experimentally verified on eutectic turbine blades. Notice that the gradient predictions and results are consistent with the previous conclusion that we are dealing with a heat input limited process.
Computer simulation of directional solidification with the LMC process included an attempt to match the thermal profiles observed experimentally, see Figure 29 Computed points have been fitted with a smooth curve. Figure 30 . In this case the high turn density region contains three times the number of turns per inch as the upper section of the heater.
The application of this technique has allowed us to raise the thermal gradient from 600"F/in (133"C/cm) to gOO"F/in (200"C/cm) within a relatively short period of time.
There is an added benefit of lower hot zone temperatures in the low turn density region, namely a minimization of any mold-melt reaction.
These measured thermal gradients have been thoroughly substantiated with microstructural measurements such as cellular to planar transitions for well documented high temperature eutectic alloy systems.
IV. Computerized Process Control
Another application of computers to the field of directional solidification is in the area of computerized process control.
Computer control of directional solidification with either the HRS or LMC processes is an ideal application since both techniques approach steady state heat transfer conditions and are therefore readily progrsmable. An example of a computer control system for the HRS process is depicted in Figure 31 . In this case, thermal parameters which are programed into the system include melt temperature, hot zone control temperature and withdrawal rate. With these parameters the solidification variables such as temperature gradient, solidification rate, local solidification time, mushy zone width and cooling rate can be maintained at the desired values with a high degree of accuracy and reproducibility.
The computer system also permits a full feedback capability which enables the process to be self regulating in the event that one of the parameters starts to deviate from the desired conditions.
Other auxiliary control functions such as vacuum level, vacuum interlocks, electrical switching, introduction of inert gas and process water coolant monitoring can be efficiently programmed as well. This approach to process control is a natural blend of the detailed understanding of the directional solidification process and the thermal analysis methods discussed previously.
V. Summary
The high speed digital computer has contributed significantly to the improved understanding and control of directional solidification processing over the past seven years.
The computer is used for thermal analysis (data reduction) in order to define growth rate, thermal gradient, interface position, mushy-zone height and local solidification time. These quantities have been correlated with changes in external variables to lead to process improvements.
The improvement in thermal gradient, a key solidification variable, has been truly remarkable in progressing from power-down to high rate solidification to liquid metal cooling. Finally, it would appear that computer control of the directional solidification process is just around the corner. This step should lead to the ultimate in process reproducibility.
